Femoral derotation osteotomy IHR Internal hip rotation AIM To examine the effect of femoral derotation osteotomy (FDO) on dimensionless hip abductor moment during gait in children with cerebral palsy.
Adequate hip abductor strength is a crucial factor for normal walking and many other functional activities. [1] [2] [3] In individuals with cerebral palsy (CP), neurophysiological abductor weakness may stem from a neurological inability to fully activate the muscle 4 and/or from decreased muscle volume. 5, 6 In contrast, functional abductor weakness may result from increased antagonist activation 4 or spasticity. Additionally, functional weakness can arise if the moment arm of a muscle is diminished, thereby limiting the ability of an otherwise strong muscle to generate adequate moment. Excessive anteversion leads to a decrease in the coronal plane moment arm of the hip abductors-a phenomenon often called lever arm dysfunction, resulting from bony malrotation. [7] [8] [9] Femoral derotation osteotomies (FDOs) are considered to be the standard treatment for correcting excessive anteversion and internal hip rotation (IHR) in individuals with CP. [10] [11] [12] [13] Previous studies have suggested indirectly that an FDO will maintain or improve hip abductor function by increasing the coronal plane hip abductor moment arms without the need for IHR compensation. For instance, Aminian et al. 14 state, 'Sufficient derotation or even 5°to 10°overcorrection will [. . .] increase hip abduction capacity.' Using musculoskeletal modeling, Arnold et al. 7 showed that excessive anteversion, commonly observed in the CP population, 15 decreased the coronal plane gluteus medius moment arms. This would have the effect of decreasing the ability of the muscle to generate joint moment. Arnold et al. ' s results lend support to the compensatory mechanism theory, which hypothesizes that individuals with excessive anteversion internally rotate their hips. The compensatory mechanism theory predicts that the increase in coronal plane hip abductor moment arms after an FDO leads to increased hip abductor moments and decreased compensatory IHR. Several studies have cited Arnold et al. 7 as evidence for excessive anteversion leading to compensatory IHR and for FDO as an appropriate treatment. 10, 14, [16] [17] [18] [19] [20] Although changes in IHR after FDO have been extensively studied, no one has quantified how hip abductor moment during gait changes at short-(approx. 1y) or mid-term (≥3y) follow-up subsequent to FDO, and only one study assessed hip abductor joint impulse and work. 19 Therefore, the primary purpose of this study was to test the hypothesis that hip abductor moment during gait would increase after correction of anteversion by FDO among individuals with CP.
MATERIALS AND METHODS Participants
This study falls under an Institutional Review Board approved study, which granted waiver of informed consent. Data were retrospectively reviewed. We queried our database at Gillette Children's Specialty Healthcare to identify any individuals meeting the following criteria: (1) younger than 18 years old; (2) had bilateral CP; (3) underwent an external FDO (commonly performed proximally using an intertrochanteric approach), with no prior FDO; (4) had both preoperative and short-term postoperative barefoot gait analyses with kinetic data (i.e. no assistive device); (5) had preoperative gait analysis up to 18 months before surgery (preoperative); (6) had postoperative gait analysis 9 to 24 months post-FDO (shortterm).
One limb was chosen for every individual. If both limbs of an individual met the criteria, the limb that had greater preoperative mean stance IHR was included (i.e. the more-involved side). This was chosen over a random limb, as treatment of the less-involved side with an FDO may lead to smaller changes in kinematics. 10, 21 All metal implants were still in place at the time of the short-term follow-up.
We identified a subgroup of the qualifying individuals who also had a second qualifying postoperative gait analysis after femoral implant removal (mid-term). The midterm gait analysis occurred at least 3 years after the FDO.
Data analysis
The primary outcome variable was mean hip abductor moment during single-support, expressed in the pelvic coordinate system. Because differences in stature affect the magnitude of moments, velocity, step length, and cadence, we report these variables using non-dimensional normalization methods, 22 Moment ¼ moment mgL ; Velocity ¼ velocity ffiffiffiffiffi ffi gL p ;
Step length ¼ step length
where g is gravity, L is leg length, and m is body mass. This approach significantly decreases the dependence of peak hip abductor moment and velocity on growth-related variables (e.g. age, mass, leg length) compared with the conventional normalization scheme. 22 To determine minimal detectable change in hip abductor moment during single-support, we used the interrater error 23 calculated as part of our center's routine quality assurance procedures.
Because trunk obliquity, pelvic obliquity, and walking velocity are related to hip abductor moment, [24] [25] [26] [27] [28] and available hip abductor strength will also affect momentgenerating abilities, 29 we monitored the change in these variables. Trunk and pelvic obliquity were measured relative to the lab. Anteversion and hip rotation, which determine coronal plane gluteus medius moment arms, 7 were quantified as they change after an FDO. [8] [9] [10] 12, 14, [16] [17] [18] [19] [20] 30 Physical therapists measured anteversion using the trochanteric prominence angle test and measured isometric hip abductor strength using manual muscle testing (higher scores indicate greater strength). 31 We used the model from Arnold et al. 7 to compute the percent change in moment arm as a function of anteversion and hip rotation. Details of this can be found in Appendix S1 (online supporting information). Percent What this paper adds
• Hip abductor moment does not improve approximately 1 year after femoral derotation osteotomy.
• Hip abductor moment does increase more than 3 years after femoral derotation osteotomy.
change in moment arm reflects hip abductor moment-generating capacity per unit hip abductor force.
Statistical analysis
If data violated the Shapiro-Wilks test for normality or the Brown-Forsythe test of equal variance, we summarized data using median (interquartile range [IQR] ) and used Wilcoxon signed rank tests to test differences in medians between time points. For parametric data, we used an independent samples t-test or a paired t-test for between-group and within-group comparisons respectively. For the pre-to short-to mid-term analysis, a Bonferroni correction was applied to control family-wise error rate. All statistical tests were performed in Matlab (2015b, Natick, MA, USA).
Results were considered significant at p<0.05. Kinematic and kinetic data from 83 typically developing children aged 4 to 18 years were used as a reference (Tables II and III) . 27 
RESULTS

Preoperative to short-term
One-hundred and forty individuals qualified with preoperative and short-term visits (77 males, 63 females; age at surgery 9y 11mo [range 4y 5mo-17y 5mo]). Proximal FDOs were performed 92 per cent of the time, with 7 per cent of patients also undergoing simultaneous varization. Demographics are shown in Table I , including Gross Motor Function Classification System (GMFCS) level 32 and Gillette Functional Assessment Questionnaire. 33, 34 Definitive conclusions regarding gross motor function cannot be drawn because of missing data, but it appears that GMFCS and Functional Assessment Questionnaire remained constant over time. Although we only included the more involved limb, 97 individuals had bilateral FDOs. Of all qualifying individuals, 84 and 113 individuals had trunk data at pre-and short-term respectively. Individuals with missing data were removed from repeated measures analyses for that variable.
Before the FDO, anteversion was significantly increased relative to typically developing, which was associated with a significant decrease in hip abductor moment arm, despite increased internal hip rotation (Table II) . Mean single-support hip abductor moment was also 1.2 standard deviations below typically developing. At short-term, hip rotation and anteversion improved to À2.0°and 15°respectively. As a result, hip abductor moment arm increased to above normal (Table II) . Despite this improvement in moment-generating capacity and constancy of muscle strength, hip abductor moment remained unchanged (Fig. 1) . Walking velocity slightly decreased as did step length, while trunk obliquity, pelvic obliquity, and cadence remained unchanged (Table II) .
Preoperative to short-term to mid-term
Among the 140 individuals, 29 had an additional mid-term follow-up at least 3 years after the FDO (Table I ; maximum 10y 8mo post-FDO). Proximal FDOs were performed 97 per cent of the time, with one patient had trunk data at pre-, short-, and mid-term respectively. Individuals with missing data were removed from repeated measures analyses for that variable. In this sub-group, there was a significant decrease in both internal hip rotation and anteversion from pre-to short-term followed by a significant increase at mid-term (Table III) . Consequently, hip abductor moment arm increased from below normal to slightly above normal at short-term and did not change at mid-term compared with short-term, although mid-term moment arm remained larger than preoperative. There was no change in hip abductor moment from pre-to short-term, which mirrored the larger group, but at mid-term, hip abductor moment was significantly larger than preoperative (Fig. 1, Table III) . From pre-to mid-term, 38 per cent of individuals showed an increase in hip abductor moment that exceeded our minimal detectable change, 52 per cent showed no change, and 10 per cent showed a decrease (Fig. 2). Step length decreased from pre-to mid-term. Walking velocity decreased at mid-term compared with both preoperative and short-term. Pelvic obliquity, trunk obliquity, and cadence did not change from pre-to short-to mid-term (Table III) .
DISCUSSION
Hip abductor moment did not improve in parallel with the large increase in hip abductor moment arm observed at the short-term follow-up after an FDO. Hip abductor moment did significantly increase at mid-term follow-up despite no change in moment arm from short-to long-term (>3y post-FDO). The short-term results contradict the hypothesis and basic notions related to the lever arm dysfunction theory. However, the mid-term results support our hypothesis that hip abductor moment increases in response to increased hip abductor moment-generating capacity after an FDO, and suggest that the lack of change at short-term may be a result of antalgia. We observed no short-term change in hip abductor strength after an FDO, which agrees with some researchers, 8 although the increase in strength at mid-term may again suggest antalgia was present at short-term, or individuals became proportionately stronger by mid-term evaluation. Others 8,30 have reported no change or an increase in walking velocity after FDO, whereas we noted a small decrease from pre-to short-to mid-term. The discrepancy may be because previous studies did not report non-dimensional speed.
Hip abductor moment does not appear to change directly with changes in moment arm. Preoperatively, the model predicts a 20 per cent reduction in hip abductor generating capacity, whereas individuals exhibited a 45 per cent reduction in hip abductor moment relative to typically developing. At short-term, the abductors were in a significantly more mechanically advantageous position compared with preoperative (20% below normal to 2% above normal), but abductor moment did not increase. At mid-term, after presumed full recovery from the FDO and functional hip abductor capacity being unchanged from short-term, hip abductor moment significantly increased. The increase may be partially attributable to increased hip abductor strength on manual muscle testing. However, hip abductor moment remained 0.8 of a standard deviation below normal. [Colour figure can be viewed at wileyonlinelibrary.com].
These discrepancies between utilized moment and predicted capacity reflect other factors precluding the abductors from generating normal moment. One hypothesized factor is the presence of implants. Unloading the limb before implant removal is believed to occur to avoid pain. In fact, inflamed bursae and scar tissue are often observed at the time of implant removal and were noted in operative notes for 71 per cent of our mid-term individuals. These irritated tissues may form because the iliotibial band directly passes over the implant, and with contraction, compression occurs. Decreased activation of the abductors, and thus mitigation of possible pain, can be accomplished by ipsilateral trunk lean and/or ipsilateral pelvic drop. We did not observe a significant change in trunk lean at any time point, but patients tended to decrease their step length from pre-to short-term, which has been shown to be related to pain. 35 But as step length did not subsequently increase at mid-term after implant removal, the possible link among proximal femoral implants, pain, and step length remains ambiguous. Additionally, because we do not have a retained-implants group at the mid-term time point, we cannot definitively say that implant removal explained improvements in hip abductor moment. Other factors affecting hip abductor moment include walking velocity, 27 deficient neural activation, 4 and neurophysiological muscle weakness, 2 which are not incorporated into Arnold et al.'s model. Increased femoral neck shaft angle 7 was included in their model but not in our present calculations. The Arnold et al. musculoskeletal model is biomechanically correct, given its assumption. However, individuals with CP appear unable to completely exploit their hip abductor generation capacity because of other internal limitations.
Indications for FDO are not clearly delineated. While improving hip abductor moment has not been explicitly stated in the literature as an indicator or outcome goal of an FDO, it is an implicit clinical assumption based on the principle of lever arm deformity correction. If increased abductor moment generation is an outcome goal, patients and surgeons should be aware that the average independent ambulator with CP will not show a short-term improvement. However, increased function may be expected later, based on the findings of this study. This is encouraging and provides further evidence that an FDO generally corrects the bony deformity and improves IHR and coronal plane hip kinetics approximately 3 or more years after surgery.
As our mid-term outcomes pertain to FDOs that were overwhelmingly performed proximally (97%), generalizations can only be made to a similar population. However, distal FDOs are also common and have shown comparable outcomes for kinematic and physical exam variables. 8, 12, 36 Some authors have observed lower complication rates with a proximal FDO, 8 but others observed similar rates. 12, 36 Future research is needed to compare short-term and mid-term kinetic outcomes for FDOs performed distally. If the distal FDO has a similar effect on hip abductor moment arms and if there is less irritation over the distal implant, hip abductor moment may increase at short-term versus mid-term. Such a finding, in combination with assertions that the distal FDO is a less complicated surgery with quicker rehabilitation 12 may merit its practice over a proximal FDO in the absence of hip dysplasia. Limitations need to be considered, primarily that the study is retrospective, so selection bias must be kept in mind as a possible confounder. Specifically, all mid-term visits were not routine clinical practice. Notably, the midterm group averaged 8°increase (recurrence) in IHR compared with short-term. Additionally, not all patients return for a short-term postoperative visit, which may also present a bias. Second, our mid-term sample size was smaller, limiting our ability to detect small or medium effect sizes. Third, our abductor moment arm estimates are based on an adult femur and do not account for possible morphological differences, such as more anteriorly displaced greater trochanters which researchers have observed in the pediatric CP population. 37 Finally, these findings are only pertinent to individuals with CP who can walk without assistive devices because of the nature of measuring kinetics.
In conclusion, 3 or more years after an FDO, mean hip abductor moment increased in individuals with CP who could walk without use of assistive devices and had their implants removed. Compensation to avoid pain caused by irritation of retained implants may be the explanation for lack of improvement at short-term.
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